Endurance exercise improves walking performance in patients with peripheral artery disease (PAD), which is characterized by skeletal muscle dysfunction caused by lower extremity ischemia. Although transcriptional analyses of exercise-induced changes in normal animals and healthy volunteers have been reported, no detailed study has explored exercise-induced alterations in gene expression in PAD animal models. Here, we determined the acute and chronic effects of exercise on mRNA expression in the skeletal muscles of two mouse models of PAD. Three particular gene categories were investigated: known exercise-responsive genes (Pgc1a, Il6, Nr4a1, Nr4a2, and Nr4a3); myogenic and muscle regeneration-related genes (Myf5, Myogenin, Myomaker, and Myh3); and Gpr56 and its ligand Col3a1. PAD was induced by bilateral femoral artery ligation in normal C57BL/6 and diabetic KK-A y mice. From 1 week after surgery, repetitive twice-weekly 30-min treadmill endurance exercise sessions were applied. Altered mRNA expression in the soleus muscles was measured in both the acute and chronic phases. In the acute phase, transcript levels of exercise-inducible genes showed significant increases in both C57BL/6 and diabetic KK-A y PAD mice; levels of regeneration-related genes showed little alteration, and those of Gpr56 increased immediately and significantly after exercise in both models. In the chronic phase, transcript levels of Pgc1a, Myf5, Myogenin, Myomaker, Myh3, Gpr56, and Col3a1 were upregulated significantly in sedentary C57BL/6 PAD mice compared with that in shamoperated mice. Exercise training inhibited the upregulation of Col3a1, Myf5, and Myogenin significantly. In KK-A y PAD mice, only Gpr56 mRNA levels increased significantly compared with those in sham-operated mice. RNA sequence analysis revealed 33 and 166 differentially upregulated, and 363 and 99 downregulated, genes after exercise training in C57BL/6 PAD and KK-A y PAD mice, respectively. In summary, we detected significant alterations of skeletal muscle genes after exercise in PAD mouse models and characterized their expression patterns.
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Introduction
Peripheral artery disease (PAD) is a disorder attributed to atherosclerotic occlusion in the lower extremities. PAD is characterized by skeletal muscular pain and dysfunction caused by insufficient blood supply [1] . A large population of patients with PAD is affected with concomitant coronary and cerebrovascular diseases, resulting in high mortality and morbidity in developed and developing nations [2] . The most common symptom of PAD is intermittent claudication (IC), characterized by exercise-induced discomfort that is relieved by rest [3] . The primary goal for patients with PAD and IC is to improve exercise performance, daily functional activity, and quality of life. Recent evidence revealed that exercise training has beneficial effects in extending the walking distance for patients with PAD and IC [4] . A randomized trial of exercise training added to optimal medical therapy, including cilostazol, demonstrated a clear additive benefit, even superior to that of aortoiliac revascularization [5] . Exercise training is considered to affect several machineries associated with clinical benefits, including alteration in skeletal muscle metabolism, conditioning underlying diseases, and improving endothelial function [5] [6] [7] [8] ; however the detailed mechanisms remain unknown. A better understanding of the molecular mechanism underlying the exercise-induced benefits is thus highly desirable.
There is accumulating evidence that exercise training can induce significant alterations in the expression levels of several genes in skeletal muscles; this effect is considered one of the most important underlying molecular mechanisms of exercise-induced benefits. For instance, interleukin-6 (IL-6), which is locally produced in skeletal muscles in response to exercise [9] , is known to increase glucose availability and activate muscle satellite cells, contributing to muscle hypertrophy and regeneration [10, 11, 12] . NR4As (NR4a1, NR4a2, and NR4a3) are other genes that are reported to be induced by endurance exercise in human skeletal muscle [13] and are considered to play a role in exercise-induced benefits through improved muscle energy metabolism [14] . These considerations are largely based on the reported data from experiments on normal animals and healthy volunteers. To the best of our knowledge, to date, no detailed studies have described exercise-induced alterations in gene expression in PAD animal models and patients with PAD.
Bilateral ligation of the femoral arteries (FAL) is one of the most common methods to induce PAD in animal studies. Many investigators [15] , including ourselves [16] , have reported that several key characteristics of PAD, including muscle atrophy, apoptosis, fiber type switching, altered myosin heavy-chain expression, and muscle fiber denervation, can be induced in mice and rats using this surgery. In agreement with the fact that diabetes is an important risk factor for PAD patients [17] , diabetic animals such as KK-A y mice have been reported to show more severe disease phenotypes [18, 19] . Recently, White et al. reported that G protein-coupled receptor 56 (GPR56) might play an important role in muscle hypertrophy associated with resistance/loading-type exercise [20] . A murine model of overload-induced muscle hypertrophy is associated with increased expression of both Gpr56 and its ligand, collagen type III, whereas genetic ablation of Gpr56 expression attenuated overload-induced muscle hypertrophy and associated anabolic signaling. In addition, GPR56 expression was induced in humans by resistance exercise [20] . Although these new findings suggest GPR56 could be an interesting molecular target to mimic the molecular signaling related to exercise-induced clinical benefits, the expression profiles of GPR56 have not been reported in PAD animal models and patients with PAD.
The aim of the present study was to determine the acute and chronic effects of exercise on mRNA expression in the soleus muscles of two mouse models of PAD: normal C57BL/6 mice and diabetic KK-A y mice with FAL. In particular, we focused on three categories of genes: 1) known exercise-responsive genes (Pgc1a, Il6, Nr4a1, Nr4a2 and Nr4a3); 2) myogenic and muscle regeneration-related genes (Myf5, Myogenin, Myomaker and Myh3); and 3) Gpr56 and its ligand Col3a1. In the present study, we also investigated whether diabetes could induce exercise-induced transcriptional alterations, by comparing the data obtained from the two PAD mouse models.
Materials and methods

Animals
Male C57BL/6 mice and KK-A y /Ta mice (8 weeks old) were purchased from CLEA Japan (Tokyo, Japan). All animals were maintained on a laboratory chow diet (CE-2, CLEA Japan) and allowed free access to water and food before and during the experiments. The care and use of the animals and the experimental protocols used in this research were approved by the Institutional Animal Care and Use Committee of Takeda Pharmaceutical Co., Ltd. (Approval code: 00005751)
Bilateral femoral artery ligation (FAL)
C57BL/6 and KK-A y mice underwent FAL at 12 and 10 weeks of age, respectively. All surgical procedures were performed under isoflurane anesthesia (1-5%) and buprenorphine analgesia (0.5-1 mg/kg, s.c.), and all efforts were made to minimize suffering. After skin incision, the proximal and distal ends of the femoral artery and the proximal profunda femoris artery in the groin were dissected and ligated for both legs. The intervening segments were excised and the dissected sites were sutured with sterile threads. After closing the incision using surgical sutures, the mice were allowed to recover for 7 days. In the sham-operated mice, the same surgical procedure was performed except for the ligation and excision of the artery.
Treadmill exercise training and tissue sampling
Before FAL surgery, all mice were subjected to a 10-min habituation to a treadmill (Panlab) three times, according to the following protocol: 3 m/min for 1 min and 9 m/min for 4 min, on an incline of 5˚. Grouping was performed based on body weight for C57BL/6 mice, and on habituation running time, body weight, and plasma biochemical parameters (glutamic pyruvic transaminase, total cholesterol, triglyceride, glucose, and hemoglobin A1c) for the KK-A To monitor the time course of recovery of their running performance, time to exhaustion in each exercise training session was measured. When mice were exhausted, they were allowed to recover (60-90 min), and then returned to the treadmill to achieve a total training time of 30 min. Our preliminary experiments revealed that these repetitive twice-weekly treadmill exercise sessions significantly prolonged time to exhaustion on the treadmill test at 3-4 weeks after FAL surgery in both C57BL/6 and diabetic KK-A y PAD mice.
In the sedentary groups, no mice were subjected to the treadmill exercise until the tissue sampling procedure. For acute assessment, mice were euthanized under pentobarbital anesthesia (50-100 mg/kg, ip) and the right soleus muscles were harvested at the indicated time points (described in the legends of each Fig) . For chronic assessment, including individual transcript measurement and RNA seq analysis, the soleus muscles were harvested 4 days after the last exercise. In the present study, we used the soleus muscle, which consists predominantly of slow-twitch fibers, because our preliminary experiments indicated that more genes were significantly altered in the soleus muscle than in the gastrocnemius muscle of these PAD models. The tissues were frozen immediately in liquid nitrogen and stored at −80˚C.
Gene expression analysis
Frozen tissues were dissociated using a GentleMACS dissociator (Miltenyi Biotec, Bergisch Gladbach, Germany) in 1 mL of RLT Plus buffer (Qiagen, Hilden, Germany) containing 0.04 M dithiothreitol. After standing at room temperature for 5 min, samples were centrifuged quickly and then 600 μL of each homogenate was digested using QIAshredder (Qiagen) and centrifuged (20 000 × g) for 2 min. The RNA-containing supernatants were purified using an RNeasy Mini kit (Qiagen) and reverse-transcribed using a High-Capacity 
RNA sequence analysis
Whole mRNA transcript expression analysis was conducted by Macrogen Inc. (Korea). Briefly, cDNA libraries were constructed using the Truseq RNA Sample Preparation kit (Illumina, San Diego, CA) and paired-end RNA sequencing was performed using the Hiseq2000 system (Illumina). RNA-seq data were processed using Array Studio 8.0.0.78 (OmicSoft Corp., Cary, NC) as follows. FASTQ files were mapped using mouse.B38 as the reference library, and then gene annotations were added to the read count values with ensembl.R78. After checking that the mapping rate was over 80%, the read counts of all samples were exported. Statistical analysis was conducted using the R language (https://www.r-project.org/). To calculate Trimmed Mean of the M-value (TMM) for normalization and to identify mRNAs differentially expressed among soleus muscle from diabetic KK-A y or C57BL/6 mice, a procedure implemented in the edgeR package was applied. The count per million (cpm) was used in the analysis. Before statistical analysis, for genes with a cpm value greater than 1, at least one sample was retained for further analysis. Up-and downregulated genes were identified as having a p-value less than 0.01 and a fold change greater than 1.5. The BaseSpace Correlation Engine software (formally known as NextBio; https://japan.ussc.informatics.illumina.com/c/nextbio.nb; Illumina, Cupertino, CA) was used to conduct Gene Ontology (GO) analysis.
Measurement of hindlimb blood flow
Mice were kept at 37˚C using a BWT-100A animal warming pad (Bioresearch Center, Nagoya, Japan) under isoflurane anesthesia (1-3%). The heart rate was measured by electrocardiography to maintain consistent anesthesia. The hindlimb blood flow was monitored at 8 and 10 min after the onset of warming, using a MoorLDI2-2λsim laser Doppler imaging system (Moor Instruments, Devon, UK). Mice were then allowed to recover under normal conditions. For each measurement time point, the average blood flow perfusion units were calculated for both hindlimbs, and the average was calculated. The average of both time points was used for analysis. All procedures were performed in a blinded fashion.
Statistical analysis
The results are expressed as the mean ± SD. Statistical significance between two groups was determined by Student's t-test for homogenous data and by Welch's test for non-homogenous data. Statistical significance between groups of multiple time points was determined by a twotailed Dunnett's test. Two-way ANOVA was performed to evaluate statistical differences in the hindlimb blood flow by FAL surgery and by exercise training. Differences were considered significant if p < 0.05.
Results
Characterization of the two PAD mouse models
To characterize the disease phenotypes of normal C57BL/6 and diabetic KK-A y PAD mice, their hindlimb blood flow was measured by laser Doppler perfusion imaging 3 weeks after FAL surgery (Fig 1A and 1B) . A significant reduction in blood flow was confirmed in both PAD models. KK-A y PAD mice showed a larger blood flow reduction (60-78% reduction vs.
sham-operated mice) than C57BL/6 PAD mice (33-34% reduction). In addition, exercise training did not affect the blood flow. It should, however, be noted that the comparison of absolute flow units is a limitation of the study design, because laser Doppler flow assessments cannot be compared accurately mouse to mouse; limited effects of exercise training on the hindlimb blood flow should be confirmed using more suitable methods. Fig 1C shows the recovery time-course of the running performance of exercised C57BL/6 PAD and KK-A y PAD mice after FAL surgery. KK-A y PAD mice showed delayed recovery compared with C57BL/6 PAD mice. These results suggest a more severe disease phenotype for diabetic KK-A y PAD mice than for C57BL/6 PAD mice, which is consistent with other studies [18, 19] .
Transcripts acutely altered by endurance exercise Fig 2 shows the acute alterations of known exercise-responsive genes caused by our endurance exercise protocol in the soleus muscles of both C57BL/6 and KK-A y PAD mice. The mRNA level of Pgc1a, a known exercise-responsive gene, increased significantly and gradually after the exercise session in C57BL/6 PAD (2.1-fold at maximum) and KK-A y PAD mice (1.7-fold).
The mRNA level of another known exercise-responsive gene, Il6, also increased significantly immediately after the exercise session in both C57BL/6 PAD (3.4-fold) and KK-A y PAD mice (5.7-fold). In addition, transcript levels of Nr4a1, Nr4a2, and Nr4a3 increased after endurance exercise and then gradually decreased in C57BL/6 PAD mice, peaking at 60-90 minutes after the onset of exercise (2.7, 8.5, and 3.8-fold, respectively; Fig 2C-2E) . KK-A y PAD mice also showed upregulation of Nr4a1, Nr4a2, and Nr4a3, with approximately 2-fold greater responses than C57BL/6 mice (7.2, 16, and 6.6-fold, respectively). Fig 3 indicates the transcript levels of Myf5, Myogenin, Myomaker and Myh3, which are known markers of myogenesis and muscle regeneration, in the soleus muscles of both C57BL/ 6 and KK-A y PAD mice up to 4 h after the cessation of the exercise. The mRNA levels of these genes showed little alteration during the observation period. The mRNA levels of Gpr56 and its endogenous ligand, Col3a1, were determined using the same samples. Gpr56 transcripts increased immediately and significantly after the exercise session ( Fig 4A) in both C57BL/6 PAD (1.9-fold) and KK-A y PAD mice (1.8-fold). Although the Col3a1 transcript level showed an increasing trend in both models, the alteration did not reach statistical significance (Fig 4B) .
In addition, no exercise-induced changes were observed in the transcript levels of angiogenesis-related genes such as Vegfa, Des, and Cx37 in both C57BL/6 PAD mice and KK-A y PAD mice (data not shown).
Transcripts chronically altered by endurance exercise Tables 1 and 2 ( Table 1 ). Exercise training inhibited the upregulation of Col3a1, Myf5, and Myogenin significantly. No chronic upregulation by exercise was observed in the transcripts of Il6, Nr4a1, Nr4a2, or Nr4a3, which was consistent with the findings of acute and transient induction with rapid recovery after exercise (Fig 2B-2E) .
In KK-A y PAD mice, no significant upregulation was observed in Myf5, Myogenin, or Myomaker mRNA levels compared with those in sham-operated mice, whereas the Gpr56 and Myh3 mRNA levels increased significantly (Table 2 ). Exercise training exerted little effect on the mRNA levels of the genes investigated; only Myf5 mRNA was upregulated significantly by exercise in KK-A y PAD mice (Table 2 ).
To identify differentially expressed genes between sedentary and exercised PAD mice, RNA sequence analysis was also conducted using the same sedentary and exercised PAD mouse samples (Tables 3-6 ). RNA sequence analysis revealed 33 upregulated and 363 downregulated genes in the soleus muscles of exercised C57BL/6 PAD mice (Tables 3 and 4) . In KK-A y PAD mice, 166 genes were upregulated and 99 genes were downregulated by the exercise training (Tables 5 and 6 ). Among these differentially expressed genes, only 37 genes overlapped between C57BL/6 PAD mice and KK-A y PAD mice. Moreover, most (31 of 37) of these overlapped genes were downregulated in C57BL/6 PAD mice, but upregulated in KK-A y PAD mice, showing a negative correlation. Gene Ontology analysis was conducted for the differentially expressed genes identified between sedentary and exercised PAD mice (Tables 7 and 8 ). In the C57BL/6 PAD mice, extracellular matrix-related genes were ranked and downregulated (Table 7) . In KK-Ay PAD mice, however, different types of genes, such as channels and transporters, were enriched (Table 8) . The directions of the alteration of these enriched genes were different between the two PAD models. The direction of all the top 10 enriched GO terms was downregulation in C57BL/6 PAD mice, while the direction of most (9 of 10) of the top 10 enriched terms was upregulation in KK-Ay PAD mice.
Discussion
In the present study, we detected significant acute and chronic alterations in the expression levels of several genes in the skeletal muscles of two different mouse models of PAD after exercise, and characterized the expression patterns of each gene. The main findings of this study are as follows: 1) exercise increased the mRNA expression of known exercise-responsive genes acutely and significantly in both C57BL/6 and KK-A y PAD mice; 2) mRNA expression of skeletal muscle regeneration markers Myf5 and Myogenin was upregulated significantly in C57BL/ 6 PAD mice compared to that in sham-operated mice at 3 weeks after FAL surgery, and this upregulation was inhibited significantly by exercise training; 3) Gpr56 mRNA transcription was increased acutely and significantly by exercise in both PAD mouse models; and 4) diabetes did not inhibit the exercise-induced upregulation of Pgc1a, Il6, Nr4a1, Nr4a2, Nr4a3, or Gpr56 in KK-A y PAD mice.
In the present study, exercise induced the mRNA expressions of Pgc1a, Il6, Nr4a1, Nr4a2, and Nr4a3 acutely in both C57BL/6 PAD and KK-A y PAD mice. Several investigators have reported acute and chronic mRNA expression increases of PGC1A [21] and NR4A family genes [22] in exercised normal animals and healthy humans. The PGC1 and NR4A families play an essential role in the control of cellular energy metabolic pathways [23, 24] ; therefore, the exercise-induced upregulation of these nuclear receptors and nuclear receptor coactivators is considered an important molecular mechanism underlying exercise-induced benefits through improved muscle energy metabolism [14] . IL-6 is known as a "myokine", a protein produced and secreted by skeletal muscles to fulfill paracrine or endocrine roles in insulin-sensitizing effects following exercise [25] . IL-6 is also reported to play a role in muscle hypertrophy and regeneration through the activation of muscle satellite cell functions [10, 11, 12] . The present results showing the upregulation of these important exercise-responsive genes suggest that molecular signaling to induce these genes could remain functional in the compromised skeletal muscles of animals and patients with PAD. Exercise effects on mRNA expression in murine models of peripheral artery disease In C57BL/6 PAD mice, mRNA transcripts of myogenic and muscle regeneration-related Myf5, Myogenin, Myomaker, and Myh3 were upregulated significantly at 3 weeks after surgery, compared to that in sham-operated mice (Table 1 ). This result suggested that active muscle regeneration occurred in this model. In fact, previously, we reported the existence of regenerating myofibers, characterized by a central nucleus location, in the calf muscle of this model [16] . Treadmill exercise did not affect the expression of these myogenic and muscle regeneration-related genes acutely during the observation period (at and up to 4 h after cessation of 30-min exercise, Fig 3) , whereas exercise training prevented the upregulation of Myf5 and Myogenin significantly in the chronic phase (Table 1) . Yang et al. investigated the time-course activation of selected myogenic (Mrf4, Myf5, MyoD, and Myogenin) genes after an acute bout of 30-min treadmill running in the calf muscle of healthy subjects [26] . Similar to the present results, they failed to detect significant differences in Mrf4, Myf5, and Myogenin mRNA levels at 0-24 h post-running. However they noted significant upregulation of MyoD mRNA levels (by 8.0-fold) at 8 h post-running. These findings suggest that the optimal selection of time points and genes of interest are important to detect exercise-induced alterations in these myogenic and muscle regeneration-related genes. We speculate that the exercise training-induced Sedentary PAD mice (n = 4) and exercised PAD mice (n = 4). Differentially downregulated genes met an average FC criterion of <-1.5.
https://doi.org/10.1371/journal.pone.0182456.t004 Exercise effects on mRNA expression in murine models of peripheral artery disease prevention of Myf5 and Myogenin mRNA upregulation might reflect exercise-induced acceleration of the muscle regeneration process; however, detailed time-course studies of mRNA expression of the optimally-selected gene set should be performed to confirm this speculation.
The present results support the involvement of GPR56 in exercise-related molecular signaling. Rapid upregulation of Gpr56 after the exercise session was observed in both C57BL/6 and KK-A y PAD mice, consistent with the finding that GPR56 expression was induced in humans by resistance exercise [19] . The mRNA expression level of Col3a1, an endogenous ligand of GPR56, also showed an upward trend after the treadmill exercise session. In addition, the time course of exercise-induced Gpr56 mRNA upregulation was similar to that of Pgc1a in both C57BL/6 and KK-A y PAD mice. This result agreed with the finding that Gpr56 is a transcriptional target of PGC-1α4, a splicing variant of PGC-1α [19] . Diabetic KK-A y PAD mice showed exercise-induced acute upregulation of Pgc1a, Il6, Nr4a1, Nr4a2, Nr4a3, and Gpr56, similar to that observed in non-diabetic C57BL/6 PAD mice (Figs 2 and 4 ). This result suggested that the molecular signaling to induce these genes can function in the diabetic skeletal muscle of this model. In the chronic phase, however, exercise exerted relatively weaker effects on mRNA expression in the KK-A y PAD mice compared with that in the C57BL/6 PAD mice (Table 2 ). RNA sequence analysis followed by Gene Ontology (GO) analysis also revealed different characteristics of exercise-related alterations in the chronic phase between KK-A y PAD mice and C57BL/6 PAD mice (Tables 3-8 ). Many reports have suggested that diabetic skeletal muscles have characteristics different from those of nondiabetic skeletal muscles, such as impaired metabolism [27] , increased oxidative stress [28] , chronic low-grade inflammatory profiles [29] , and impaired extracellular matrix remodeling [30] and regeneration [31, 32] . Further detailed studies are needed to clarify how diabetes (and the different characteristics of diabetic skeletal muscles) can affect exercise-induced transcriptional alterations acutely and chronically. In the acute experiments, KK-A y PAD mice showed an apparent bimodal change of Il6 mRNA upregulation that peaked at 30 and 90 min (Fig 2B, right) . However, it should be noted that the biological relevance of this bimodal change should be further confirmed, because of the relatively larger variation of the data at the 90-min time point in the present study.
In conclusion, the present study detected significant alterations in the expression of several genes in the skeletal muscles of two different mouse models of PAD upon exercise, and characterized the expression patterns of each gene. These data provide basic information about exercise-induced transcriptional alterations in the skeletal muscles in mouse PAD models. Exercise effects on mRNA expression in murine models of peripheral artery disease FC, fold change. Sedentary PAD mice (n = 4) and exercised PAD mice (n = 4). Differentially downregulated genes met an average FC criterion of <-1.5.
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